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The aim of the study is to synthesize new nanocomposites consisting of
superparamagnetic iron oxide nanoparticle (Fe3O4) incorporated into poly(2-
hydroxyethyl methacrylate) hydrogel (pHEMA) in different ratios (75% and 100%).
These materials can be used in water treatment and can be easily removed/controlled by
an external magnetic field. The nanoparticles were synthesized by a co-precipitation
method and then embedded in pHEMA to produce magnetic pHEMA nanocomposite
hydrogel (mHEMA). PHEMA was synthesized by free radical polymerization. The
resulting data for mHEMA were compared to those obtained from pHEMA hydrogel.
The adsorption of malachite green (MG) dye onto pHEMA and mHEMA was
carried out in this project. The effects of different parameters such as the initial MG
concentration and contact time on MG adsorption were investigated. The hydrogels were
characterized by Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD)
techniques to confirm the presence of Fe3O4 nanoparticles inside the pHEMA hydrogel.
A density test was used to show that the mesh size of 75% mHEMA, 100% mHEMA and
pHEMA hydrogels were 8.5, 43.9 and 67.7 A, respectively. The adsorption equilibrium
data ofmHEMA were best represented by the Langmuir model. The maximum
adsorption capacities of 100% and 75% mHEMAs were 5.91and 11.06 mg/g in the wet
state and 3.45 and 9.90 mg/g in dry state, respectively. This study found that pHEMA
hydrogel had a higher maximum adsorption capacity, 15.94 mg/g in wet state and 15.28
mg/g in dry state, than mHEMAs.
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Pollutants discharged from industries such as textiles, plastic, and paper are most
likely dye pollutants. Tens of thousands of tons of dyes have been distributed worldwide
yearly. Although dyes are used extensively as color agents and in fish farms, they are
chemically stable and not readily biodegradable. Dyes are toxic and must be eliminated to
prevent them from being discharged into receiving streams. Malachite green (MG) dye is
commonly used for dyeing silk, paper, and cotton. MG is also used widely as an
antibacterial infection agent in fish and fish eggs. Its undesirable toxicity is the reason
why this dye was banned in many countries. However, it is still used widely in many
other parts of the world.
There are several common methods used to remove dyes from water including
photodegradation, coagulation, and oxidation. However, adsorption is one of the most
common methods used for dye removal. Adsorption on hydrogels has proven to be very
effective in removing dyes from aqueous solutions. Hydrogels can be classified in three
classes: homogenous, co-polymer, and multi-polymer.' Nanocomposite hydrogel is a
class of multi-polymer hydrogels that has inorganic nanoparticles incorporated within an
organic hydrogel. Magnetic nanocomposite hydrogels are used in water treatment to add
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magnetic features to those gels. These properties help remove the gels from the streams
after adsorption of the dyes using an external magnetic field.
CHAPTER 2
BACKGROUND
Environmental pollution has become a challenging problem worldwide. Rapid
increases in industrialization and global population have caused a significant increase in
water pollution.2 This issue results in adverse health effects on all living beings. Indeed,
many industries such as paper, plastics, silk,3 textile and dyeing discharge effluents.4 The
residual dyes and heavy metals pose hazards to ecological systems.5
A dye is defined generally as a natural or synthetic substance used to add or
change the color of objects.3 Organic dyes can be classified based on the dyeing process.
One particular dye may be applied to different textiles/objects using different dyeing
processes. As a result, it is common that one dye can be in more than one category. In
general, organic dyes are categorized as cationic dye, anionic dye, direct/substantive dye,
vat dye, or reactive dye. Cationic dyes likely have an overall positive charge on a
nitrogen atom due to the presence of the amine functional group. Imine group, Schiff
base, is a category of amine derivatives that contain carbon-nitrogen double bond
RR'C=NR", in which all R, R' and "R groups can be either hydrogen, aliphatic or
aromatic groups. The stability of the compound depends on R, R' and R" groups. Imine
compounds absorb visible light due to the fact that they have 7r-delocalization and come
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in a wide range of colors.5 Because of this, they have been used as colorants and dyes.
Dyes that have a considerable degree ofpigmentation,6 longevity7 and chemical stability
continue to be widely used in the pharmaceutical,8 cosmetics, paper plastics and many
other industries. Some of the dyes are also used as anti-bacterials, anti-microbials, and
analgesics. Annually, about 10,000 different dyes are produced in 7x105 tons globally.9'10
Unfortunately, 10-50% of these dyes are discharged from textile and associated industries
as effluents. Some of the dyes are banned in some countries due to their toxicity and non-
biodegradability." Even though some dyes are nontoxic, they still decrease the
photosynthetic activity in the receiving waters.12
Malachite green (MG), a green solid, is a cationic organic compound belonging to
the triarylmethane family that is used extensively in industrial colorants (Figure 1).
Malachite green is most commonly used dye for coloring among all dyes of this category
and as an absorber in dye lasers. In aquaculture, it shows biological activity. Therefore, it
is used widely as a topical antiseptic and antibacterial agent in fish and fish eggs.1'
However, malachite green has become a chemical of concern, due to its risk to the
environment. It has been reported that malachite green contains a fundamental chemical
structure that potentially causes cancer.13 Organisms convert malachite green into
leucomalachite green that builds up within organisms' tissues.11 The accumulated
leucomalachite green may easily enter the food chain of humans. Experimental and
clinical trials have shown that malachite green remains a contaminant for numerous
organs. The U.S. Food and Drug Administration (FDA) has selected malachite green for
toxicity and carcinogenicity testing. The results of the testing indicated that malachite
green and particularly its reduced form, leucomalachite green, are carcinogenic.
13
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Figure 1: Chemical structure of malachite green.
2.1. Dye Removal Techniques
Water remediation demands the removal of dyes, which is a challenging task.
Novel physical, chemical, and biological processes have been employed in order to
remove dyes.14 Coagulation,15 photo-degradation,16 conventional oxidation,17 electro-
flotation18 and irradiation19 are some of the chemical methods for removal of dyes from
aqueous systems. Some of the processes are costly and even environmentally harmful.
Overall, nano-filtration,20 chemical methods21 and adsorption method22 are widely used
for their high performance for removing dyes23 but each has its own scope of application.
2.1.1. Chemical Methods
To chemically break down dye molecules, one may utilize photochemical
methods that employ oxidizing agents.24'25 To create oxidizing agents, one uses materials
that are sensitive to light such as titanium dioxide (TiC^) and H2O2.26 Light-sensitive
materials are activated through exposure to UV light, which leads to the formation of
radicals with high reactivity. Then, radicals attack and break down the double bonds of
the dyes to create smaller molecules.27 This action of the radicals causes dyes to decrease
in color. The level of dye destruction is dependent on the strength ofUV light and pH.
Namboodri and Walsh reported that photochemical experiments could be carried
out in a continuous or batch unit.28 hi addition to decolorization, many species could be
generated during the process, including metals, organic acids, halides, organic aldehydes,
and inorganic acids. Photochemical handling of dye-containing waste matter has several
advantages including: reduction of odors and elimination of generated sludge.
The following equation illustrates the process of activating H2O2.29
H2O2 + /zv-+ 20H'
As a photocatalyst, TiC>2 can break down diverse organic matters in gas and liquid
forms. Upon irradiation with UV-vis light, TiC>2 shows potent oxidizing photoactivity.
Being a classic semiconductor, TiC>2, irradiated by light of higher energy than its band
gap, 380 nm,16 generates surface electrons and holes. The electrons and holes react with
hydroxyl groups and oxygen, creating superoxide anions and hydroxyl radicals. These
radicals attack organic chemicals and eventually break them down. Such oxidative attack
is extremely potent. Although certain photocatalytic compounds with semiconductor
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properties become degraded upon irradiation in water, TiC>2 does not disintegrate in water
thanks to its chemical stability.
Textile wastewater treatment is done using reductive/oxidative chemical
procedures and ozone (O3).10 Chlorine dioxide (CIO2) is also used to facilitate the
removal of color due to its oxidative power.63 Combined with CIO2, UV may help to
minimize colored effluents from textile coloring plants. Upon inclusion of oxidants for
decolorization, the decomposition of the combined dyes may produce more lethal
compounds within waste matter. To select an oxidative treatment, one considers the
toxicity of species from the degradation of dyes. A literature survey indicated that various
kinetic models and rates of dye degradation have been examined in the area of
decolorization of pigments and textile pigment effluents. The degradation was also found
to depend on dye concentrations, UV interaction times, and strength, and hydrogen
peroxide doses.19
Having been introduced in the 1990s, the electrochemical (EC) technique
constitutes an advantageous technique with regard to the degradation of dyes.19 This
technique is effective for treating wastewater that is discharged into water bodies. The EC
technique successfully removes dyes and decomposes unmanageable pollutants.18 Owing
to high flow rates that can be sued, the EC technique increases the speed at which dye can
be removed. However, compared to chemical methods, the EC technique consumes large
amounts of electricity.
To facilitate rapid elimination of dyes from wastewater, the adsorption technique
is perhaps the best choice among existing physical and chemical approaches.
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2.1.2. Adsorption Method
The adsorption technique is the preferred dye elimination method among other
methods. This technique relies on the use of adsorbents that are readily accessible, easily
designed and largely reusable. This technique should employ cost-effective adsorbents,
thus benefiting the environment. Furthermore, the applied adsorbents show excellent
performance while eliminating pigments from aqueous matter. The same literature survey
also reveals that natural/industrial derivatives, industrial wastes, and agricultural matter
have been explored to be potential cost-effective adsorbents.30 Important examples of
adsorbents include palm oil/chitosan ash, some clays, palm oil stem thread, and palm ash.
Being the leading dye elimination technique through adsorption, the activated
carbon approach effectively adsorbs cationic matter,31 but it is applicable only within
specific waste handling systems. This approach is quite financially demanding, an aspect
that at times limits its application. This limitation calls for more investigations into both
cost-effective and globally effectual materials.
Recently researchers have intensified inquiries into new adsorbents in order to
substitute the expensive activated carbon. Given the qualities of accessible, cost
effectiveness, abundance, restoration potential, prospective ion exchange, and elevated
sorption capacity, clays constitute a special kind of material as adsorbents. Clay currently
retails at approximately $0.04 to $0.12 per kilogram.19 This price makes activated carbon
twenty times costlier than clay. The sorption capability of clays is very sensitive to pH
condition. According to Al-Ghouti et al., dyes are adsorbed onto diatomite due to
physical processes that vary based on particle sizes.32 Based on pH condition used,
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electrostatic contacts also influence the adsorption of dyes onto diatomite.
The membrane filtration technique can simplify and constantly remove dye from
waste matter. However, the membrane filtration technique has challenges of clogging
when dye concentration is high. It also suffers in warm environments where attacks by
microorganisms will occur.33 Membrane filters have to be changed regularly and the
disposal presents challenges as well. However, this technique cannot minimize the level
of solid matter that is dissolved. For this reason, it is a challenge to reuse resulting treated
water.33
When effluent amounts are small, chemical and physical dye elimination
techniques are very useful. Consequently, chemical and physical dye elimination
techniques are best applicable for limited-span on-site dye removal operations. These dye
elimination techniques, however, are expensive, and thus the application scope is
limiting.1 In fluid form, decolorization-fermentation processes cannot continuously
eliminate dyes from waste matter. The idea that several days are needed for
decolorization-fermentation procedures is the reason for this situation. For
decolorization to be feasible for industrial applications, the dye-holding waste matter
should be placed within huge containers. The huge space requirement of huge size space,
this requirement is problematic. Further, considering the significant energy and reagent
requirements, decolorization-fermentation techniques are disadvantageous.
2.2. Hydrogels
Hydrogels are defined as three-dimensional (3D), highly entangled polymeric
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networks that can absorb large amount of water up to thousands of times their original
dry weight.' Some hydrogels that have the ability to change their shapes, sizes and
mechanical properties in response to environmental changes are called "smart gels".34
Although hydrogels consist of hydrophilic components, they are in fact insoluble in water
due to their entangled structures. These hydrogels have great swelling capacity and can
then uptake drugs and release them in a controllable fashion. While numerous hydrogels
are hydrophilic, some hydrogels are designed to be hydrophobic to achieve desirable
properties. These unique features have allowed researchers to develop various kinds of
hydrogels for different applications. Over the past five decades, various hydrogels have
been rapidly developed and investigated. Some hydrogel systems are currently being
investigated in environmental treatment.1 Table 1 summarizes some of the common
hydrogels with their maximum adsorption capacities of malachite green (qmax)-









Homopolymer hydrogels originate from the same monomers. Having huge
swelling capability, homogenous hydrogels can trap drugs with high molecular weight
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and discharge the same in a restricted manner. Gels that are employed for drug delivery,
adsorption and biomedical techniques include PVA, pHEMA, and NIPAAm.22 These gels
constitute homopolymeric hydrogels.
The crosslinked polymer that is based on 2-hydroxyethyl methacrylate (HEMA)
constitutes a widely studied biocompatible,37'38 non-toxic hydrogel. Typically, pliable
contact lenses contain poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogels.39
PHEMA hydrogels can be found used in two areas among many others: in drug release
applications,40 as sorbents for the elimination of dyes and heavy metals from fluids, and
in tissue engineering.41 Upon free radical polymerization & crosslinking with ethylene
glycol dimethacrylate (EGDMA), pHEMA produces hydrogels that are resistant to
thermal and mechanical manipulation.39
Numerous monomers may be used to develop homopolymer hydrogels. Through
modifying crosslinking ratios and creating processes to optimize sorption levels and
swollen proportions, the qualities of these homopolymer hydrogels may be modified.
Unlike copolymer hydrogels, the homopolymer hydrogels have unique structural
features.
2.2.2. Multipolymer Hydrogels
When at least two co-monomers interact with each other, multi-polymer
hydrogels emerge.42 Multi-polymer hydrogels are of diverse categories including
grafted,43 interpenetrated, or semi-interpenetrated hydrogels. Within grafted hydrogels,
the bonds that unite monomers are covalent. Interpenetrated hydrogels have been
12
developed from hydrogels that pierce one another together. Semi-interpenetrated
hydrogels resemble interpenetrated hydrogels, only in that a polymer replaces a minimum
of onehydrogel. 44
2.2.3. Nanocomposite Hydrogels
The formation, handling, categorization, and use of gadgets, schemes and
equipment having measurements ranging from 1 to 100 nm constitute nanotechnology.
Owing to the nano-scale dimensions of these materials, the gadgets illustrate new and
considerably superior physical, biological, and chemical attributes. Being
multidisciplinary, nanotechnology denotes a science that includes many technologies and
science fields.45 These fields include biomedicine, agriculture, pharmaceutics, advanced
materials science, environmental sciences, physics, chemistry, information technology,
and electronics. From the time they were initiated in 1974 by Taniguchi,62 new
nanotechnology developments have occurred within the past fifty years. By integrating
nano-resources into other resources, scientists could improve and introduce more
attributes to these resources.46 The integration of nanoparticles into hydrogels has thereby
led to the development of innovative nanocomposites named nanocomposite hydrogels.
Nanocomposite hydrogels denote hybrids of inorganic and organic matters. In addition to
enhanced mechanical properties, nanocomposite hydrogels can offer exceptional qualities
that facilitate new stimuli that are of optical, thermal, and magnetic nature. Given their
wide range of uses and their exceptional characteristics, nanocomposites constitute
hugely promising 21st century advanced materials.47
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2.2.4. Magnetic Nanocomposite Hydrogels
Magnetic nanoparticles (MNPs) can be derived from either mixed iron ions or
iron ions with other metal ions such as cobalt or nickel. MNPs tend to aggregate together.
The hydrophobic exteriors of MNPs (after modification) have huge surface-to-volume
ratios. To link MNPs to hydrogels, one uses encapsulation, embedding or coating
procedures. Magnetic nanogels are used due to their superparamagnetic property.
Potential applications include: Magnetic Resonance Imaging (MRI) contrasting agents,
wastewater purification,2 tissue engineering,41 targeted medicine release and
hyperthermia therapy.49 Examples of magnetic nanocomposite hydrogels include Gx-cl-
P(AA-co-AAm)/Fe3O4,50 and oxides of /?-cyclodextrin-graphene.6
In the study described below, magnetic nanocomposite hydrogels were utilized to
remove malachite green from water.
2.3. Iron Oxide Nanoparticles
Nanoparticle materials demonstrate unique magnetic properties that have led to
increased interest in these materials in the recent past. These special attributes contribute
to superparamagnetism,48 elevated saturation field, reallocated hysteresis loops following
field cool, and elevated field irreversibility. Iron plus iron oxide-allied materials,
specifically nanoparticles, feature exceptional magnetic, optical, catalytic and sorption
properties. Thanks to these attributes, iron-based materials have numerous sophisticated
nanotechnological uses.
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2.3.1. Application of Iron Oxide
Magnets have significant uses for data storage media,48 actuators, motors,
conversion of electrical energy, medical, electronic circuit, and ferrous fluids
applications. As a science, magnetism constitutes an outstandingly enhanced and
+3 +2
complex study field. Based on Fe oxide oxidation states (Fe or Fe ), iron oxides show
diverse crystal configurations including maghemite (y-Fe2O3) and hematite (a-Fe2O3).
Compared to wustite (FeO) and magnetite (Fe3O4), hematite has greater thermodynamic
stability. Nanocrystalline iron oxides are efficient image-strengthening agents within
nuclear MRI,48 biosensors,45 medical diagnosis,51 magnetic-induced tumor treatment,49
magneto-caloric refrigeration,52 and restricted medicine delivery.
Fe3O4 and Fe2O3 nanoparticles are produced using diverse techniques. These
techniques include: wet chemical pathway-like co-precipitation,43 hydrothermal or micro
emulsions synthesis and thermal breakdown within non-aqueous fluids. Further, particle
development within the gas segments like thermal breakdown inside flame synthesis53 or
hot-wall reactor constitute additional nanoparticle development techniques. Wet methods
normally feature enhanced control regarding the polydispersity and shape and size of
particles. Gas phase techniques facilitate constant and speedy production of
nanoparticles.53
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2.3.2. Iron Oxide Nanocomposite Hydrogel Synthesis
Magnetic iron oxide nanoparticles are produced using many chemical and
physical techniques. Numerous researchers have developed different methods to
synthesis nanocomposite hydrogels either by utilizing either post synthesis or pre-
synthesis techniques. The post synthesis nanoparticles could have core-shell,54'55 Janus-
like56 or decorated morphology, based on functional attributes. It is thus necessary to use
restricted and adjustable production techniques to produce nanoparticles. Hydrogel
molecules cause the sizes of nanoparticle to become smaller.57
Pre-synthesis used physical techniques, such as metal evaporation through
sputtering, electrodeposition, and ball milling. Considering that they may be modified to
facilitate mass production, physical techniques can be used to develop extremely pure
nanomaterials. Nevertheless, the shape and parameters of nanoparticles are difficult to be
modulated.
Nanocomposites are mainly created using wet chemical methods. Iron oxide
nanoparticles can most easily be produced using co-precipitation techniques.58 After
reacting Fe (III) and Fe (II) salts within a basic aqueous solution with a 1:2 molar
proportion, magnetite is obtained. Magnetite made by this technique usually serves
biomedical uses. The biomedical use of these iron oxide nanoparticles is facilitated by
their being readily dispersed in water without the need of additional treatment. Iron oxide
colloids rely on aqueous hydrolysis or precipitation of Fe3+ and/or Fe2+ salts. By
employing co-precipitation, scientists have created premium iron oxide nanomaterials.
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Thermal breakdown methods give iron oxide with restricted particle shapes and
sizes. This technique nevertheless needs a high temperature in the range of 180 °C. Using
iron salts and various solvents, monodisperse irons NPs and iron oxides have been
created at various breakdown temperatures. By modifying reaction conditions NPs' sizes
can be effortlessly adjusted. Reaction conditions that may be modified include the
concentration of free fatty acids (reactants) and temperature that is contingent on the
boiling point of solvents. This process requires high-boiling-point solvents and complex
protocols, as well as costly and poisonous reagents.
Flame Spray Pyrolysis (FSP)59 is a major technique that employs an open flame
to create superparamagnetic nanoparticles. Researchers have already employed various
flame reactors to develop Fe2O3 nanoparticles. The scheme includes flame spray
pyrolysis of iron precursors such as Fe(CO)5 or Fe(NO3)3 that have been dissolved in
combustible fluids. Considering their qualities of larger magnetization, magnetite
nanoparticles are more preferred than maghemite.
A system that permitted flame spray production at elevated air to fuel ratios,
which requires minimal amount of inert gas, has been developed. Magnetite, wustite and
maghemite nanoparticles could be directly created within the flame, provided that the Fe
oxidation state was tightly managed. Some researchers have employed the flame spray
pyrolysis method to create iron oxide-titanium dioxide (y-Fe203-Ti02).59
Multicomponent nanoparticles have been developed through flame synthesis and gas
phase synthesis methods using furnaces at elevated temperatures. Besides being time-
consuming, these production methods need high temperatures and costly equipment. Due
17




The motivation behind this project is to synthesize a low-cost magnetic material
that can be manipulated by an external magnetic field. This material will be utilized for
water treatment. In particular, this magnetic nanocomposite was produced to remove
malachite green dye from a free-flowing stream. Studies and characterizations of
mHEMA hydrogels were investigated. Studies of swelling characteristics, mesh size,
equilibrium adsorption and kinetic tests were carried out. TEM was used to estimate the
size of the iron oxide nanoparticles. XRD and SEM were investigated to confirm the
incorporation of nanoparticles within the hydrogel. These techniques also were used to
study the interaction between malachite green and the gels. Figure 2 shows a diagram of

















All chemicals and materials were purchased from the companies described below.
4.1.1. Materials for Iron Oxide Nanoparticles Synthesis
Sodium hydroxide (NaOH) (Aldrich, WI, USA), iron(III) chloride hexahydrate
(FeCl3-6H2O) (Sigma-Aldrich, MO, USA, lot# 80730), iron(II) sulfate heptahydrate,
FeSO4-7H2O (Aldrich, WI, USA, lot# 10426DQ).
4.1.2. Materials for Nanocomposite Hydrogel Synthesis
2-Hydroxyethyl methacrylate monomer (HEMA) (ACROS, NJ, USA, lot#
112663) was purified using p-methoxyphenol-surface-activated beads packed into a
column to remove the inhibitor. Ethylene glycol dimethacrylate (EGDMA) was used as a
crosslinking agent. Ammonium persulfate (APS) (ACROS, NJ, USA, lot#B0132486)
and sodium metabisulfite (SMBS) (Fisher Scientific, USA) were used together as




4.2.1. Iron Oxide Nanoparticles Synthesis
Fe3O4 nanoparticles were synthesized by the common co-precipitation method.48
The experimental setup used in the synthesis consisted of a 250 mL three-necked flask
equipped with a stirrer bar. The flask is filled with 100 mL of DI water and then heated to
60 °C under nitrogen condition for 30 minutes. After reaching thermal equilibrium, the
weighted amount of iron (II) sulfate heptahydrate (1.28 g, 4.6 mmol) was added into the
flask followed by 13.3 mL of 6 M iron (III) chloride hexahydrate (4.9 mmol). Then,
standardized 4 M of sodium hydroxide solution was added dropwise until the pH of the
reaction mixture reached 11 to produce magnetite ferrofluid. The resulting black product
was allowed to stir for 30 minutes at room temperature and then settled for 2 hours until a
black fluid precipitate was observed. The precipitate was separated using a magnet and
washed repeatedly with pure water. The resulting clean precipitate was dispersed in 50
mL ofpure water, referred to as NP stock solution A.
4.2.2. Hydrogel- pHEMA Synthesis60
The synthesis ofpHEMA hydrogel was carried out in a small beaker equipped
with a magnetic stirring bar to which was added 4 mL ofHEMA monomer dissolved in 2
mL of DI water. EGDMA (15 \xh, 0.25 wt%) were then added. The reaction mixture was
stirred under nitrogen for 30 minutes until a homogenous solution was formed. Free
radical initiators, APS and SMBS, were added to the solution. The mixture was held at
room temperature for 12 hours. The hydrogel was produced through free radical
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polymerization. 4 The resulting hydrogel was washed with DI water to remove residual
unreacted monomers and initiators.
4.2.3. Magnetic Nanocomposite Hydrogel-mHEMA Synthesis
In a small beaker equipped with a magnetic stirring bar, to which were added 4
mL ofHEMA and aliquots of NP stock solution A with or without additional DI water
(see Table 2). After 15 uL ofEGDMA was added, the mixture was stirred under nitrogen
for an hour. Then, SMBS and APS were added, and the mixture was stirred for 3 minutes
and left at room temperature for 12 hours. The resulting hydrogel was washed with water
to remove unreacted monomers and nanoparticles. The reaction conditions are listed in
Table 2.
Table 2: PHEMA and mHEMA hydrogels synthesis
Sample HEMA EGDMA DI water NP stock solution APS SMBS
(mL) QjL) (mL) A(mL) (g) (g)
pHEMA 4 15 2 6 0.024 0.024
75%
mHEMA 4 15 0.5 1.5 0.024 0.024
100%
mHEMA 4 15 0 2 0.024 0.024
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4.3. Characterization
4.3.1. Transmission Electron Microscopy
The images of iron oxide nanoparticles were recorded on a FEI Tecnai™
transmission electron microscope (TEM). TEM image analysis was used to characterize
the morphology, crystal structure and microstructure of materials with high resolution.
TEM images were also used to estimate the size of the particles. At this point, TEM was
used to measure the average size of the magnetic nanoparticles.
4.3.2. X-ray Powder Diffraction
X-ray powder diffraction (XRD) is an analytical technique used for identification
of the crystallinity of the materials and unit cell dimensions. Most hydrogels generally are
amorphous in nature, but some ofthem could be semi-crystalline. Iron oxide
nanoparticles are highly crystalline materials, so they will give intense XRD patterns with
sharp lines.
4.3.3. Scanning Electron Microscopy
Scanning electron microscope (SEM) was carried out on a model 5200 Agilent fe-
sem to scan the surface of the material with a secondary electron beam. Resolution,
magnification and the depth of field are similar to the light microscope technique with a
slight difference due to the different nature of light and electrons. SEM was used to
measure the pore size of porous materials such as hydrogels. Hydrogels are sensitive to
external stimuli; therefore, this property can be useful to control the degree of the
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porosity. Controlling the pore sizes of biocompatible hydrogels is utilized widely in
controlled release in medical technology and in adsorption methods.
4.3.4. Equilibrium Study
This study demonstrates the maximum capacity of the gel for the uptake of
malachite green dye. The dye concentrations were measured using a double beam
Ultraviolet/visible light spectrophotometer UV-vis (Cary 500 UV-VIS NIR). Equilibrium
adsorption was studied with different initial concentrations. Adsorption experiments were
carried out in 10 mL vials containing 4 mL ofMG solutions with initial concentrations
ranging from 0.64 - 10.2 mM . To each vial, a known mass of gel was added, and then all
the vials were sealed to minimize evaporation and were shaken for 3 days or until
equilibrium was reached. The resulting solutions then were added to glass cuvettes and
analyzed using UV-vis instrument. Each sample solution had a specific spectrum and MG
displayed two known peaks at 617 nm and 425 nm, respectively. UV-vis was used to
determine the compound's final concentration using the Beer's Law.
A = e * b * c
where A is the absorbance, £ is the molar absorptivity taken as 63897 mL mmol"1 cm"1 (at
617 nm), b is the path length of light through the cuvette and c is the concentration of the
solution.
Common isotherm models have been used in this experiment to measure the
equilibrium adsorption capacity of malachite green into the gel. Each model relates to
different amounts of the adsorbate at the surface of the adsorbent. The Langmuir and
25
Freundlich adsorption isotherm models relate to monolayer and multiple-layer adsorption
processes, respectively.
4.3.5. Kinetic Study
This experiment examined the rate ofMG removal from the aqueous solution and
uptake by the hydrogel. In this study, a dry sample ofmHEMA hydrogel was added to a
solution that contained 20 uL of aqueous solution ofMG ofpredetermined concentration
and 3 mL of DI water. Experiments were monitored in the UV-vis spectrophotometer for
2 days. The data was analyzed by plotting the time on the horizontal axis and absorbance
on the vertical axis. The experiment was repeated with wet hydrogels to compare the
results from the adsorption rate with the dry gel samples.
CHAPTER 5
RESULTS AND DISCUSSION
5.1. Transmission Electron Microscopy
Figures 3 and 4 display TEM images of the prepared iron oxide nanoparticle.
These images show roughly spherical particles and also a highly degree of aggregation of
these nanoparticles. The images indicate the mean size of the co-precipitation synthesized
iron oxide nanoparticles of 11.8 nm in diameter and a narrow size distribution of 3%.
20 nm
Figure 3: TEM image of the synthesized magnetic nanoparticles.
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Figure 4: TEM zoomed-in image of magnetic nanoparticles.
5.2. X-ray Diffraction
X-ray powder diffraction (XRD) data for both synthesized MNPs and mHEMA
nanocomposite hydrogel are shown below in Figures 5 and 6. The XRD pattern shows
diffraction peaks of the synthesized iron oxide nanopowder (top trace). The high intensity
diffraction peaks of magnetite were indexed as (220), (311), (400), (422), (511), and
(440) lattice planes.56 The peaks in the bottom correspond to mHEMA hydrogel. The
diffraction peaks are broad for pHEMA, and spikes from the 20 position indicate the
presence of magnetite Fe3O4. A few peaks corresponding to unreacted salts and oxide-
hydroxide disappeared in mHEMA hydrogel. Due to the presence of a low percentage of
iron oxide nanoparticle in the gel compared to the large content of amorphous pHEMA,
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the diffraction patterns exhibit low intensity of the MNPs as is clearly shown in Figure 5.

















Figure 6: XRD patterns of magnetic nanoparticles and mHEMA.
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5.3. Scanning Electron Microscopy
SEM results provide information about the surface ofmHEMA and pHEMA gels.
Figure 7a illustrates an image for pHEMA, which is to be used as a reference. In Figure
7b, the SEM image displays the existence of the pores in mHEMA gel and also shows
that most of the pores are filled by the magnetic nanoparticles. The SEM also gives
evidence that the nanoparticles aggregate on the surface. Figure 7c is an expanded image
of the previous image and clearly shows the aggregation of these nanoparticles. In figure
7d, the SEM image was taken after pHEMA gel adsorbed the MG dye. This image shows
that the pores disappeared completely, and indicates the adsorption of this dye took place
on the surface of the gel.
30
a ' b -'•];*■■
-> 4.'
.-:--r ••■ ■■ -> .
Figure 7: SEM images of a) pHEMA, b) mHEMA, c) zoomed in mHEMA, and d)
malachite green adsorption onto pHEMA.
5.4. Equilibrium Isotherms
The impact ofmHMEA hydrogel on the adsorption performance has been
compared with the results from pHEMA. Although it shows that iron oxide
nanoparticles-embedded hydrogel exhibited slightly reduced efficiency for the
adsorption, the incorporation of the magnetic nanoparticles within pHEMA hydrogel
contributed to recovery of the gel from the liquid medium using an external magnetic
field. The equilibrium adsorption process was found to follow the Langmuir isotherm
model based on the R2 values [the closer R2 value to 1, the better result to the data].
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Figures 8 and 9 show the isotherm models that were used in this work. The maximum
adsorptions ofpHEMA and mHEMA hydrogel are listed in Table 3.
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Figure 9: Freundlich isotherm of equilibrium adsorption of malachite green.
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5.5. Kinetic Test
The adsorption kinetics can be affected by the parameters such as the
concentration of adsorbate, temperature, and pH. Different kinetic equations such as
pseudo-first order61 and pseudo-second order62 were applied to the experimental kinetic
data to evaluate the feasibility of the adsorption of MG. The conformity between
experimental data and the model-predicted values was expressed by correlation
coefficients (R2). The higher the value of R2 is, the more applicable is the model to the
kinetics ofMG adsorption on the gel surface.
Pseudo first-order kinetic and pseudo second-order kinetic models can be used
according to the Equations below:
log(qi-q2) = log(qi) —±- t
Qt k2ql q2
where qt is the amount of dye adsorbed at time t [mg/g], qv q2 are the amounts of dye
adsorbed at equilibrium for the pseudo first order kinetic and the pseudo second order
kinetic models [mg/g], respectively, k{ is the pseudo first order rate constant [1/min] and
k2 is the rate constant of the pseudo second order adsorption [g/(mg-min)]. Figure 10
illustrates the kinetic study of the adsorption of malachite green dye onto the gel. This
figure shows the increase in the malachite green adsorption by the gel under shaking is
sharper and faster than the other methods due to the physical stress that has been
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Figure 10: Kinetic study of different gels with and without shaking
5.6. Swelling Experiments
Some physical properties such as swelling ratio (Q), and mesh size (£) of the
nanocomposite hydrogel were tested. The buoyancy method was used to determine the
density of cross-linked hydrogels. In this experiment, 6 samples of the gel, immediately
after the polymerization, were weighed in the air and in n-hexane using a special
analytical balance, density determination kit. Archimedes' principle was used to
determine the volume of the samples, which is expressed below:
Phex
where Vr is the volume of the relaxed gel, mair is the mass of the gel in air, mhex is the
mass of the gel in hexane, phex is the density of hexane (0.659 g/mL), Vd an(i Vs are the
volumes of the dry and wet gels and calculated as Vr has been calculated above. After
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drying, the samples were weighed in air and in n-hexane. Then they were kept wet until
the equilibrium was reached. The swelling ratio, Q, was used to determine the volume
fraction of the gel in dry and swollen states. The volume fraction can be calculated by
V2,s
where V2s is the polymer volume fraction in the swollen state, F is the volume in the
swollen state and Vd is the volume of the dry hydrogel. The polymer volume fraction in
the swollen state is an important factor to calculate the mesh size,63 the effective pore size
in the gel, (£) as it is shown in the following figure and equation:
? = (v2,sym * (ro2)1/2
where r0 is the end-to-end distance between two successive crosslinks and can be
calculated by the following equation:
here, Mc is the average molecular weight between crosslinks, Mr is the molecular weight
of one repeating unit and is known to be 130.4 for pHEMA,44 Cn is the characteristic
ratio of the hydrogel and / is the distance between two carbons in the polymers'
backbone. Table 4 indicates the mesh size and the swelling ratio of the different gels.
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Figure 11: Mesh size of a nanocomposite hydrogel













The present study shows that iron oxide embedded pHEMA nanocomposite
hydrogels (mHEMA) can potentially be used as cost-effective adsorbents for the removal
ofMG dye. These magnetic nanocomposite hydrogels maintain the magnetic property of
iron oxide nanoparticles, which remain responsive to an external magnetic field. The
results of this study demonstrate the effectiveness of the magnetic gels. The degree of
porosity and the swollen ratio of these gels were also examined with the density test. The
aggregation of the nanoparticles on the surface of the gel was observed through SEM.
SEM results also indicate the adsorption ofMG on the surface ofpHEMA gel. TEM
images provide the estimated average size of MNPs, which was 11.8 nm. XRD illustrates
broad and sharp peaks that correspond to pHEMA and MNPs and the combination of
these peaks related to mHEMA composition. The Langmuir model was the best fit for the
isotherm measured with maximum adsorption capacities of 5.91 and 11.06 mg/g in wet
and 3.45 and 9.90 mg/g in dry states ofmHEMA. Kinetic studies were used to describe
the reaction rate of the interaction between MG and mHEMA in different conditions and
show that the shaking condition was the fastest one among others.
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